INTRODUCTION
There has been an explosive growth in the use of vehicles all over the world in the late 20th century. People belonging to almost all walks of life either own the vehicles or very frequently use a leased one. The frequent use of vehicles has led to questions as to whether drivers are subjected to environmental stressors within acceptable limits or not. The human-vehicle system environment is one in which continuous manual control or frequent tracking needs to be exercised. Human performance is directly dependent on the physical and mental capabilities and limitations of the concerned operator and as every transportation system induces vibration, cognitive performance is affected in its presence. Low-frequency vibrations can be extremely severe depending upon the terrain and speed of travel [1] . Carrying out a task under normal circumstances and within a narrow range of vibration induced stresses would take up a certain amount of mental capacity. Carrying out difficult tasks would tax mental capacity until a point when spare mental capacity would get exhausted and thus performance decrements would appear to be quite pronounced. Shoenberger [2] demonstrated that reduction in cognitive performance took place due to difficulties in perceiving the stimulus in the presence of vibration. As people's average life expectancy rate is increasing with the advancement of medical technology, and since a large number of aged population is driving vehicles, there is a need to design a system compatible with their capacities and limitations. Previous research [3, 4] has shown that information processing capabilities were dependent on age. Yamamoto et al. [5] , while studying the ability of a worker to perform a task, observed the significant effect of age. Other researchers [6, 7] have also found that in divided-attention kinds of tasks, the task involved was significantly affected by age differences. Literature reviewed on the theme of vibration showed that either no or very few studies have been conducted in the past on the topic of ageing in the context of vibration exposure during driving. Keeping this in mind the present set of studies was designed to investigate if age was a significant factor in driving. The interaction of age with different levels of difficulty encountered while performing the task was also investigated. Another objective of this study was to examine whether or not vehicular vibration was a significant factor in human driving performance. In view of those objectives, the following null hypotheses were expressed.
Adults and old persons do not differ in their
performance under the impact of vehicular vibration when driving on a city street, rural road or highway. 2. Varying levels of equivalent acceleration of vibration do not have different effects on human performance in the kind of task considered. 3. Varying levels of difficulty in a cognitive task require the same amount of reaction time when driving in the three environments considered.
METHOD

Subjects
Twenty-eight male subjects at four age levels (20-30, 30-40, 40-50 and 50-60) with 7 subjects in each category were selected to carry out the experimental investigations. All the subjects had normal vision with no history of neuromuscular disorder.
Experimental Setup
Experimental investigations were conducted in a real life driving environment in a passenger car (Maruti-800). The setup comprising the following sub-systems has been shown through a schematic diagram ( Figure 1 ): 
General Experimental Procedure
The following preparatory steps were undertaken before the actual experiment was conducted.
1. Each subject was briefed about the objective of the experiment. 2. Instructions to be followed while performing the experimental task were given to the subjects. 3. Training sessions were organized for each subject in order to get them familiarized with how to perform the task.
After a subject had taken his seat in the test vehicle and all the instructions had been given, the following steps were taken, in that order, for both the training and experimental sessions. a. A START signal was given to the subject. b. A stimulus was presented to the subject by the experimenter in the form of lighting different coloured bulbs provided on a wooden board. c. The subject responded by switching on the same coloured bulb provided on another board. d. The reaction time was noted by the experimenter.
The experiment was conducted in three independent driving environments undertaken in the study for every level of difficulty under varying equivalent levels of vibration acceleration. While performing the experimental task the level of vibration acceleration in the different driving environments was kept at a pre-determined value by constantly monitoring the level in the x, y and z directions manipulating the speed of the vehicle. In every cycle of the operation, a rest period of 30 min was provided for the subjects. Human performance in terms of response time was recorded at approximately the same time of the day on each day of the experiment. This was so in order to eliminate any temporal effect in the experiment that might have its impact on the subject's performance.
Driving Environment
The present study was conducted in three independent driving environments, namely city streets, rural roads and highways. The components of traffic are different in different driving environments. For example, on city roads there are minibuses, cars, auto rickshaws, twowheelers, etc., while on rural roads there are agricultural tractors, manually driven rickshaws, bicycles, tongas. As far as traffic on highways is concerned, it generally comprises buses, trucks, cars and heavy vehicles. Traffic density and the nature of traffic greatly influence driving performance. The brain receiving a stimulus sends signals to various biological resources to cope with the situation and act according to the demand of the driving task. The width of the roads, too, has an important influence on the mental condition of the operator.
Difficulty Index
Three levels of a difficulty index were distinguished in the present research. Difficulty index level 1 comprised of one red bulb (a simple reaction time task). Difficulty index level 2 had two bulbs, red and blue (reaction time with two alternatives) while three bulbs (red, blue and green) were used for difficulty index level 3, this being the case of a reaction time task with three alternatives.
Vibration Levels
A study was carried out to determine the level of vibration acceleration in the x, y and z directions to which operators were subjected while driving automobiles in different driving environments. Total equivalent acceleration of vibration was calculated as per the recommendations of Standard No. ISO 2631-1:1997 [8] . It was found that total vibration varied from 0.45 to 2.66 m/s 2 .
In light of this study equivalent acceleration of vibration levels were set at 0, 0.94, 1.82 and 2.66 m/s 2 for all the driving environments considered in the present work.
Stimuli and the Experimental Task
Stimuli were presented to the subjects in the form of a difficulty index to determine reaction time.
The stimuli remained fixed throughout the experimental sessions. Stimuli were presented at three levels so as to determine simple reaction time and choice reaction time. The subjects were asked to operate the switch for the same type (colour) of bulb which was turned on by the experimenter. For this purpose, two wooden boards were used. The board operated by the experimenter had three positions of the bulb. At location 1, only one bulb was used, at location 2, two bulbs (red and blue) were turned on and at location 3, three bulbs (red, blue and green) were used for measuring reaction time.
Throughout the experiment, the subject sat on a seat in a normal sitting position and was asked to switch on at location 1 after the bulb of the same colour was lit on the experimenter's board. The subject was also told to maintain a normal sitting posture throughout the experiment. The subject had prior information that a red bulb would be illuminated (difficulty index level 1). The same procedure was used in the second setting with the difference that either of the two bulbs on the experimenter's board could be lit and on seeing the colour of the lit bulb, the subject had to switch on the bulb of the same colour at location 2 (difficulty index level 2). Similarly for the third setting, the experimenter switched on any of the three bulbs on the board and the subject responded by switching on the same coloured bulb at location 3 (difficulty index level 3). The experiments for all the three settings were performed at a pre-specified level of vibration and in pre-specified driving condition (city street, rural road or highway). Reaction time was measured, in milliseconds, with an electronic system designed and developed for the purpose.
Design and Development of a Human Response Measurement System
A robust and accurate system was required for measurements in the type of task undertaken in this research as the time required for measuring the response was of the order of milliseconds. Keeping this requirement in view, a system was designed such that it started at the start of the stimulus and ended as the response to this stimulus was executed. The system was made to operate in the range of 1-9,999 milliseconds. The electronic components/chips used and their function in fabrication of the human response measurement system are described here. A 7404 hexadecimal inverter was used to construct a TTL (Transistor-Transistor Logic)-compatible clock. The 7404 IC consists of six inverters hence the name hexadecimal inverter. After applying +5 V (the supply voltage of all TTL devices) to pin 14 and ground pin 7, any one or all the inverters can be connected to other TTL devices. A 1-MHz crystal oscillator through two resistances (1 KW each) and a capacitor (1 mF) were connected to generate a clock. This clock was passed through decade counters (IC 74160) connected in series. A decade counter is employed for dividing a pulse frequency exactly by 10. The 1-KHz output obtained after the third stage was supplied to IC 7411 which was a triple three input AND gate. In an AND gate when all inputs are low, all diodes conduct therefore output is low. If even one point is low, output is in the low state because the diode connected to the low input remains on. The only way to get high output is to bring all inputs to the high state (+5 V). Then all diodes stop conducting and the supply voltage (+5 V) pulls the output up to the high state. The output of the four-decade counters (for thousands, hundreds, tens and ones) is BCD input for decoder/driver (IC 7448). BCD is an abbreviation for Binary Coded Decimal. The BCD code expresses each digit in a decimal number by its nibble equivalent. The internal logic of IC 7448 (decoder/driver) converts the BCD input to the required output. The output of the IC 7448 was supplied to the seven segment indicator, i.e., seven LEDs. By forward biasing different LEDs, the digits from 0 to 9 can be displayed. A reset switch was also connected in the timer circuit to reset the display at 0 position.
The 5-V DC supply was given to the TTL circuit through a 12-V battery.
With this TTL circuit, circuit 1 with three bulbs (red, green and blue) and circuit 2 with three combinations of bulbs (red, red and green, and red, green and blue) were made compatible. Circuit 1 contained four points: point through which resistance (1 KW) for the bulb of circuit 1 is connected, ground, switch and a resistance point 1 for the bulbs of circuit 2. Circuit 2 had two points: a switch for operating the bulbs and resistance (1 KW) point 2. Pin number 4 of IC 7404 was connected to resistance point 2 and pin number 2 of IC 7411 was joined with resistance point 1. The switches of circuit 1 and 2 were connected to a supply from the battery and resistance point 2 was connected to the negative of circuit 2. The supply of 5V DC was obtained from the same battery from which the TTL circuit was energized. When the experimenter operates the switch for a particular bulb the clock starts running and the display shows the time. As soon as the subject responds to this stimulus and lights the bulb of the same colour in the circuit 2 by operating the switch, the clock stops moving. The time spent during this process can be read directly in milliseconds.
Statistical Analysis
A three-factor ANOVA was carried out to determine the effects of parameters under investigation. The independent variables taken were organismic variable age (at four levels, 20-30, 30-40, 40-50 and 50-60) vibration (0, 0.94, 1.82 and 2.66 m/s 2 ) and the difficulty index (at three levels) while reaction time (measured in milliseconds) was the dependent variable.
Vibration Measurement
The vibration level meter (VR 5100, ONO SOKKI Co. Ltd. Japan) based on Japanese Industrial Standards (JIS C 1510-1976) and the measurement law of Japan was used to measure the equivalent level of vibration acceleration in each x, y and z direction. The vibration pickup (NP-7210) with three independent shear type piezoelectric elements for detecting signals was placed on the seat of the car on a specially prepared hard disc as per the recommendations of Standard No. ISO 2631-1:1997 [8] . The vibration acceleration levels were measured with respect to the standard biodynamic coordinate system according to ISO 2631-1:1997. The vibration level meter was calibrated in the x, y and z directions prior to measurements. The measuring level range of the equipment and the measuring frequency range were 30 to 120 dB and 1 to 90 Hz respectively. To check the suitability of the basic evaluation method, the crest factor was calculated for the x, y and z directions. According to ISO 2631-1:1997, the crest factor is defined as the modulus of the ratio of the maximum instantaneous peak value of the frequency weighted acceleration signal to its rms value. The peak shall be determined over the duration of measurement. The crest factor values obtained for the x, y and z directions were within the limit prescribed by ISO 2631-1:1997. As per ISO 2631-1:1997 recommendations, for vibration with crest factors below or equal to 9, the basic evaluation method is normally sufficient.
RESULTS
To investigate the effect of age on cognitive performance under the impact of vibration, three experiments were conducted, the details of which are described in sections 3.1., 3.2. and 3.3.
Experiment 1
In this study, cognitive performance under the impact of the ageing of operators in different age groups was investigated at varying levels of difficulty in a city street type driving environment. The results of the ANOVA carried out on the data collected showed that (Table 1) the main effect of the organismic variable age was statistically significant, which indicated that in a cognitive task the human response was dependent upon the age of the operator. The level of equivalent acceleration of vibration, the difficulty index, the interaction of age and level of equivalent acceleration of vibration and second order interaction viz. age´level of vibration´difficulty index all emerged to be statistically significant. However, the interaction of age and the difficulty index, and vibration acceleration level and the difficulty index were found to be statistically non-significant. The second order interaction thus found significant, necessitated an analysis of the simple main effect for the first order interactions.
The analysis of simple main effects when subjects of varying age performed a task under different levels of equivalent acceleration of vibration (Table 2) indicated that age was statistically significant at all the four levels of equivalent vibration acceleration. The levels of vibration acceleration for age level 1 and 2 (20-30 and 30-40) were also found to be statistically significant. However, for age level 3 and 4 (40-50 and 50-60) the level of vibration acceleration was found to be statistically non-significant. The analysis of simple main effects when subjects of varying age performed the task at three levels of difficulty (Table 3) revealed that age for a simple reaction type of task (difficulty index level 1) and for the choice reaction type of tasks (difficulty index level 2 and 3) was statistically significant. The difficulty index level at all four levels of age was also found to be statistically significant. The results of the main effect analysis, when the task was carried out at three levels of the difficulty index under varying levels of equivalent vibration acceleration, indicated that vehicular vibration was statistically non-significant at all the three levels of difficulty while the difficulty index for all four levels of equivalent acceleration of vibration was found to be statistically significant (Table 4) . The relationship between reaction time and the vibration acceleration level for different levels of difficulty was studied and found to have a linearly varying pattern (Figure 2 ). The graph between reaction time and vibration level for varying age groups was also found to be linear in nature as shown in Figure 3 .
The governing equations for reaction time versus vibration acceleration level for varying difficulty levels were obtained as follows:
RT D2 = 753.53 + 17.69 V
RT D3 = 856.01 + 18.95 V
where RT D1 , RT D2 and RT D3 represent reaction time at difficulty index level 1, 2 and 3 respectively and V is the value of equivalent acceleration of vibration. The reaction time models involving vibration levels under different age levels ( Figure 3) 
Experiment 2
In this experiment the investigations were carried out in a rural road driving environment.
Results of the analysis of variance of the data collected presented in Table 5 , indicated that the main effects of age, the level of equivalent acceleration of vibration and the difficulty index were statistically significant. The interaction effects of age and equivalent acceleration of vibration level, age and the difficulty index, the level of equivalent acceleration of vibration and the difficulty index and second order interaction age´level of equivalent acceleration of vibration´d ifficulty index all emerged to be statistically significant. The significant second order interaction necessitated an analysis of simple main effects the details of which are presented here.
The results of the analysis of simple main effects (Table 6) showed that age level at all four levels of equivalent acceleration of vibration and equivalent acceleration of vibration at all four levels of age were statistically significant when subjects of varying age performed the cognitive task under varying levels of vehicular vibration. The analysis of simple main effects when subjects of varying age performed the cognitive task at varying levels of difficulty (Table 7) found that age was statistically significant. The difficulty index level was also found to be statistically significant at all four levels of age. The analysis of simple main effects also showed that the level of equivalent acceleration of vibration at all three levels of difficulty and the difficulty index at all four levels of equivalent acceleration of vibration were statistically significant when subjects of age level 1 and 2 (Tables 8 and 9 ) performed the cognitive task. For age level 3 and 4 (Tables 10 and 11 ) the equivalent level of vibration acceleration at difficulty index level 2 and 3 and difficulty index at all four levels of vibration were statistically significant but it was found to have a nonsignificant effect at difficulty index level 1. Through regression analysis, the curves of best fit were obtained between reaction time and vibration level for both the difficulty index and levels of age and are presented in Figures 4 and 5 . The governing equations for reaction time versus vibration level at different difficulty index levels were as follows:
RT D3 = 891.47 + 61.95 V
The reaction time models involving the level of vibration and different age groups were as follows: 
where RT D1 , RT D2 and RT D3 represent reaction time at difficulty index level 1, 2 and 3 respectively, RT A1 , RT A2 , RT A3 and RT A4 show reaction time at age level 1, 2, 3 and 4 respectively and V is the value of equivalent acceleration of vibration. 
Experiment 3
This study was undertaken to explore human performance in a highway environment of driving.
Results of the analysis of variance carried out (Table 12) showed that the main effect of age was statistically non-significant implying that cognitive performance was independent of the age of the subjects exposed to varying levels of vehicular vibration in the environment of highway driving. The main effect of the equivalent level of vibration acceleration and the difficulty index were both found to be statistically significant. The interaction effects of age with the difficulty index, age with the level of equivalent acceleration of vibration, and the level of equivalent acceleration of vibration with the difficulty index were all found to be statistically significant. The second order interaction age´level of vibration´difficulty index was also found to be statistically significant.
The simple main effects analysis carried out for the subjects of varying age performing the task at varying levels of vehicular vibration (Table 13 ) revealed that both the age level at all the four levels of vibration and the levels of equivalent acceleration of vibration at all levels of age undertaken in the study were statistically significant.
The analysis of the simple main effects for subjects of varying age performing a task at three levels of difficulty ( index level 2 and 3) and the difficulty index level at varying levels of age were statistically significant. The results of the simple main effects analysis (Table 15 ) for subjects performing a task at varying levels of difficulty under different levels of vibration indicated that vehicular vibration at all the three levels of difficulty and the difficulty index at four levels of vehicular vibration were statistically significant. The governing equations for reaction time versus vibration level at different difficulty indices were obtained as follows ( Figure 6 ). 
where RT D1 , RT D2 and RT D3 represent reaction time at difficulty index level 1, 2 and 3 respectively and V is the value of equivalent acceleration of vibration.
DISCUSSION
The hypotheses posed earlier were tested and found to contradict for the level of equivalent acceleration of vibration and the difficulty index. They were also contradicted for age in the city street and the rural road environment of driving but accepted for the highway driving environment. Results of the aforementioned studies indicated that in a city street and rural environment of driving age-related effects in cognitive tasks were statistically significant while in a highway environment of driving age was found to be statistically non-significant. The reason might be traced in terms of the fact that highway traffic is more organized compared to the relative chaos in city streets and also highways are better quality. Because of these two conditions people are relieved of mental tensions as regards to traffic and other environmental stressors, while in city streets and rural roads, drivers have to be mentally alert all the time to avoid any mishaps. According to Kumashiro [9] , biological and physiological functions in humans generally reach their peak and then tend to decline The review of previous research revealed that almost no study has been conducted to determine cognitive performance in a driving environment. However, other related research [3, 4, 6, 10, 11] has shown significant effect of age on human performance. The equivalent acceleration of vibration level was found to have a significant effect on human performance in the three environments of driving considered in this study. These results are in conformity with Shoenberger [2] and Zepler et al. [12] who showed degradation in performance due to vibration. The results of the present work also indicated that the difficulty index level of a cognitive task was highly significant and needs to be given proper and due attention. Fell [13] showed that 45.7% of accidents occurred due to definite involvement in recognition of errors. The results of another study [14] found that accidents happened because of drivers' failure in adequate decision making. Results of the present study also showed that the level of equivalent acceleration of vibration and the difficulty index had a statistically significant effect on human cognitive performance. These findings are in line with previous research which showed degradation in performance under the impact of vibration.
CONCLUSION
Based on section 4, the following conclusion were drawn:
1. Organismic variable age had a significant negative effect on task performance in city street and rural road driving but had no significant effect on task performance in highway driving. 2. Vehicular vibration had a significant negative effect on performance under all driving conditions, i.e., in city street, rural road and highway environments of driving. 3. The cognitive task difficulty index had a significant negative effect on task performance.
